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Abstract 
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Sneha Siddharth Jain 
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Supervisor: Dr. Navid B. Saleh 
 
 In the United States, while regulations for clean water exist, many community-based 
water systems frequently violate standards for water quality. Of these violations, a large 
component arises from coliform bacteria. Existing treatment methods suffer from high monetary 
cost, long bacterial inactivation time, low equipment availability, and/or generation of 
byproducts in bacterial inactivation. In this study, microwave irradiation of carbon nanotubes 
will be harnessed for a low-cost, convenient bacterial inactivation method for water treatment. 
The device developed harnesses conventional microwave ovens’ high market penetration, even 
among lower income strata, and carbon nanotubes’ exceptional mechanical, electronic, and 
thermal properties. Microwave irradiation of carbon nanotubes allows for rapid, uniform heating, 
which holds promise for rapid bacterial inactivation. A plaster of Paris and cement matrix was 
formed using sugar as a pore-forming agent; varying quantities of multi-wall carbon nanotubes 
of varying oxidation levels were incorporated in the device preparation. The heating response for 
each treatment in 1 mL of water was observed for microwave irradiation ranging from 30 s to 3 
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min and 30 s, in intervals of 30 s. Results demonstrate incorporation of multi-wall carbon 
nanotubes provide a rapid heating response at 5% of device weight. Pristine MWCNTs have a 
more rapid heating behavior and higher temperature achieved than other treatments, suggesting 
that defects and functionalization have a negative impact on the heating behavior. Nonetheless, 
all treatments appear to plateau, implying that saturation of the MWCNTs’ heating abilities can 
occur. These initial results are promising, but much work remains in optimizing and verifying 
device characteristics. 
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Section 1: Introduction 
1.1 MOTIVATION 
Although commonly considered a problem solely in developing nations, water quality 
and treatment are important considerations even in developed nations. Allaire, Wu, and Lall1, 
through analyzing panel data of 17,900 community water systems in the continental United 
States, demonstrate that violations are widespread across the country, affecting 9-45 million 
individuals (4-28% of the population) yearly, most notably in rural areas. Though violations may 
be infrequent, consistent access to safe water is a necessity. 
The water treatment process can involve many steps, including pre-chlorination, aeration, 
coagulation, sedimentation/filtration, and disinfection, for the purpose of arresting biological 
growth, removing heavy metals, removing foreign solids and liquids, and inactivating pathogens. 
As the most prevalent violation in Allaire et al.’s study was total coliform bacteria, representing 
37% of the reported violations1, the focus of study towards water treatment will be constrained to 
bacterial inactivation. Figure 1 illustrates the geographic distribution of total coliform violations 
over a period of 33 years. 
 
Figure 1: Number of total coliform violations per CWS, 1982–2015, by county1. 
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Table 1: Comparison of point-of-use bacterial inactivation methods. 
 Expense Time Availability Byproducts Other 
Boiling + - + + 
• Concentration of heavy metals 
• Does not remove pollutants 
• Not all pathogens inactivated at 100 °C 
UV Irradiation - + - + 
• Requires UV lamp 
• Inhibits bacterial reproduction 
• Poor effectiveness in turbid solutions 
• Can be reversed by photoactiviation 
Reverse Osmosis - - - + 
• Requires pressurized system 
• Much waste water generated 
• Removes pathogens, contaminants, and salts 
depending on size and membrane selectivity 
(Solar) Distillation + - + + • Removes all pathogens, contaminants, and salts 
Activated Carbon 
Filtration 
0 + + + 
• Viruses and small bacteria retained 
• Filter can become colonization site 
• Adsorbs many toxic compounds 
Iodine + 0 + - 
• Ascorbic acid required to alter taste and 
precipitate iodine 
• Incomplete effectiveness against 
Cryptosporidium and Giardia 
Bleach + 0 + - 
• Incomplete effectiveness against 
Cryptosporidium and Giardia 
Note: + corresponds to a positive attribute, 0 to a neutral attribute, and - to a negative attribute.
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Feasibility of current point-of-use bacterial removal devices are assessed in Table 1. 
Considerations include expense, time, availability of materials, byproduct generation, and other 
characteristics. Certain bacteria may be resistant to UV irradiation, iodine, and/or bleach. The 
use of iodine or bleach can also introduce toxic byproducts, while boiling can concentrate 
contaminants. Other promising solutions are stymied by availability, cost, and convenience. 
Microwave irradiation can prove useful for water treatment due to the prevalence of 
domestic microwave ovens. Of American households, 96.8% overall own a microwave; even 
among the lowest income quintile, 93.4% own a microwave2. While a low-energy method, 
microwave ovens are able to deliver sufficient heat to boil water. 
To compound microwave heating, nanomaterials can be implemented. With high surface 
area-to-volume ratios, nanomaterials can be used to improve heating with only small quantities 
necessary, allowing them to be a potentially cost-effective option. Carbon nanotubes display 
excellent thermal, electrical, and structural properties. Upon microwave irradiation, carbon 
nanotubes exhibit a rapid and uniform heating behavior that can prove useful to bacterial 
inactivation. Nanotube modification can also permit reactive oxygen species generation, which 
can damage cell structures by oxidative stress. 
In order to contain the nanomaterials, the carbon nanotubes can be held in a ceramic 
matrix. Such a structure should retain its shape in aqueous environments, contain the 
nanomaterials, and contain pores to allow for greater surface contact with the carbon nanotubes 
and permit flow through applications. 
In this thesis, the microwave absorption-potential of carbon nanotubes is exploited 
towards a novel point-of-use bacterial inactivation method for water treatment. Multi-wall 
carbon nanotubes were incorporated into plaster of Paris-based matrices. Heating behavior was 
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observed for carbon nanotubes of varying degrees of oxidation at various loadings. Results 
obtained in this study demonstrate the enhanced heating behavior nano-enabled devices can 
effect and serve as a novel application of microwave irradiation of carbon nanotubes. 
1.2 OBJECTIVES AND HYPOTHESES 
The primary objective of this study is to develop multi-wall carbon nanotube-enabled 
porous devices for use in batch bacterial inactivation of water. The hypothesis that the extent of 
functionalization on multi-wall carbon nanotubes will influence extent of interfacial heating to 
potentially enhance water treatment of such devices will be tested. 
The following sub-objectives and corresponding hypotheses inform the experimental 
design: 
Objective 1. Perform a literature review to understand the properties of carbon nanotubes and 
derivative materials. 
Objective 2. Develop a PP matrix to immobilize carbon nanotubes. 
Objective 3. Vary degree of heating caused by devices. 
Hypothesis: Amount and extent of functionalization of CNTs on the PP matrix 
will modulate surface heating. 
1.3 THESIS STRUCTURE 
This thesis will follow a structure aligning to the objectives. 
Section 2: Multifunctional Properties of CNTs 
Defines and characterizes CNTs, with specific attention devoted to modified multi-wall 
carbon nanotubes and effect of microwave irradiation. 
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Section 3: CNT Functionalization and Characterization 
Outlines MWCNT functionalization process and assesses aggregation behavior and 
composition of products. 
Section 4: Device Development and Microwave Irradiation 
Presents design of devices and aqueous assesses heating behavior upon microwave 
irradiation 
Section 5: Conclusions and Recommendations 
Summarizes major findings of the study and provides recommendations for future study  
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Section 2: Multifunctional Properties of CNTs 
2.1  INTRODUCTION 
Carbon nanotubes are a 1-D allotrope of carbon, often described as rolled graphene 
sheets. The carbon atoms are bonded together in the sp2 configuration, resulting in a stable 
structure. While nanotube diameter is in the nanometer range, length can vary widely, though 
typically in the micrometer or millimeter range. The length-to-diameter aspect ratio3 can reach 
up to 1.32×108:1, significantly higher than that of other materials. Chirality, or the direction of 
rolling, is another defining characteristic that describes the symmetry of rolling. 
The chemical properties of carbon nanotubes rely on three factors4: 
Factor 1: sp2 hybridization of the carbon atoms and the distortion of these hybrid orbitals 
due to curvature-induced strain 
Factor 2:  π orbital misalignment between adjacent carbon atom pairs 
Factor 3:  sp3 defects 
Following from Factor 1, carbon nanotubes extend many of the properties of graphene sheets. 
Graphene is metallic (in-plane), stiff, and a good conductor of thermal energy. Similarly, the 
strong C=C bonds in CNTs also result in a high elastic modulus and high thermal conductivity. 
Electrical conductivity, however, varies based on diameter and/or chirality, which are 
interrelated factors, yielding either metallic or semiconducting behaviors, as per Factors 1 and 2. 
Concentric nesting of nanotubes produces multi-wall carbon nanotubes (MWCNTs), as 
opposed to single-wall carbon nanotubes (SWCNTs). Each tube in a MWCNT is separated by 
0.340 nm, and the nesting of multiple nanotubes contributes to a larger outer diameter than 
SWCNTs, which results in lower reaction affinity4. MWCNTs also have a lower thermal 
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conductivity than SWCNTs due to quenching on phonon modes and weak transport at tube-tube 
junctions and curvature effects induce MWCNTs to be stiffer than SWCNTs. 
2.2 PROPERTIES OF MULTI-WALL CARBON NANOTUBES 
The following discussion will focus on MWCNTs, as they were used in this study. 
MWCNTs appear as a low density4 (0.03 g/cm3 to 0.22 g/cm3) fluffy black powder. 
Pristine MWCNTs have low solubilities and do not disperse well in water due to high van 
der Waals and electrostatic interactions. Increased solubility can be achieved through shortening 
nanotubes, surface functionalization, and/or use of surfactant; for example4, untreated MWCNTs 
may be dissolved up to 0.05 mg/mL in water, while carboxy-functionalized MWCNTs may be 
dissolved up to 0.5 mg/mL in water. 
Mechanically, MWCNTs have excellent properties. In the axial direction, the elastic 
modulus5 is in the TPa range and tensile strength6 is 60 GPa; in the radial direction, the 
nanotubes are comparatively weaker, with an elastic modulus7 of 30 GPa, which makes them 
relatively easy to mechanically modify. Due to the ultralow friction8 (less than 1.4×10-15 N/atom) 
between MWCNT walls, the outermost shell is the only load-bearing element of the MWCNT9. 
Although defects reduce individual wall strength, they improve the load transfer between the 
walls10. 
The outermost wall, additionally, determines electronic properties of MWCNTs at low 
bias and low temperature by its chirality11,12,13. Inner walls may exhibit different chirality, though 
are nonnegligible in their effect on lowering MWCNT resistance14,15. MWCNTs have electrical 
current conductivity in the magnitude of 104 to 105 S/m, depending on the synthesis and 
treatment method16. They can also support high current densities and high temperatures, with 
current density17,18 ,19 ranging from 106 to 108 A/cm2, even at 3200 K. Semiconducting CNTs 
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have a significantly high engineered bandgap variation, ranging from 20 meV to 2 eV, with 
bandgap increasing inversely proportional to diameter20. Band structure modulation can also be 
effected by application of electric and magnetic fields. 
With respect to thermal properties, the configuration of the MWCNT network greatly 
affects the performance. The effective average thermal conductivity21 of MWCNTs is 200 
W/(mK), with measured data22 indicating conductivities between 180 and 220 W/(mK). 
Individual MWCNTs, however, provided thermal conductivities around 650-830 W/(mK) and 
over 3000 W/(mK) for supported23 and free-standing/suspended24 MWCNTs, respectively, at 
room temperature. The lower network thermal conductivity could be a result of strong intertube 
coupling25. A suspension of 0.6 vol-% MWCNTs in water increased the thermal conductivity of 
water26 by up to 38%. 
2.3 CARBON NANOTUBE MODIFICATION 
Pristine carbon nanotubes’ excellent properties can be further exploited through 
modification. Broadly, CNTs’ properties can be extended with functional groups and/or 
substrates attached to the material. Hybrids can be formed from a variety of adducts, including 
DNA27,28, proteins29, enzymes30,31, dyes32, polymers, surfactants, metallic nanoparticles, and 
semiconducting quantum dots. Such modification can take place through three processes: 
doping, defect introduction, and functionalization. 
Doping incorporates of foreign matter into or on the nanotube surface. There are three 
categories. (1) Exohedral doping or intercalation occurs when heteroatoms or functional groups 
covalently or noncovalently attach to the nanotube surface. Due to surface reactivity, exohedral 
doping is more common than endohedral doping. (2) In endohedral doping or encapsulation, 
heteroatoms or structures fill the MWCNT core. (3) In-plane or substitutional doping involves 
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one or more heteroatoms covalently added to the nanotube lattice. The aforementioned chemical 
doping methods tune the Fermi energy level of CNTs in either the conduction band or the 
valence band; note that at normal atmosphere and room temperature, semiconducting CNTs are 
p-type due to the inherent curvature that results in self-doping33. Some doping may arise through 
the nanotube synthesis method. 
Defects may also take multiple forms. Structural defects are pentagons, heptagons, and/or 
octagon carbon rings embedded in the sp2 lattice that significantly modify the overall curvature. 
Modified carbon ring structures that do not significantly alter the overall curvature comprise 
topological defects or bond rotations; these may notably be 5-7-7-5 pairs or Thrower-Stone-
Wales defects creating by bond rotation two pentagons and two heptagons34,35. Tube radial 
change has not been studied in detail, and further non-sp2 carbon defects may also rise from 
reactive carbon atoms as interstitials, edges, and adatoms. 
Functionalization is often considered to improve dispersion in aqueous solutions or to 
create polymer composites to exploit the enhanced electrical and mechanical properties CNTs 
can offer. Modification may be covalent, through π-π interactions, or electrostatic. 
A common process for covalent functionalization is oxidation and subsequent 
derivatization. Sonication in strong acidsi can remove unwanted carbonaceous materials, shorten 
nanotubes, and introduce oxygen-based functional groups. The functionalities arise primarily at 
the ends of nanotubes and sites of increased reactivity, such as defect sites, but also along 
sidewalls36. The carboxyl functional groups readily allow for open nucleophilic chemistry for 
hybridization4. Fluorination, aryl diazonium chemistry, and nitrenes can also form functional 
                                                 
i Note that sonication in water can also create oxygen-containing functional groups (hydroxide, carbonyl, carboxyl). 
See Yang, D.-Q., Rochette, J.-F., & Sacher, E. (2005). Functionalization of Multiwalled Carbon Nanotubes by Mild 
Aqueous Sonication. The Journal of Physical Chemistry B, 109(16), 7788–7794. doi:10.1021/jp045147h 
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groups on CNTs. These methods of covalent functionalization can significantly alter the 
desirable properties of carbon nanotubes. 
π-π interactions involve stacking of nonpolar molecules (with aromatic rings or C=C 
bonds) near the surface of carbon nanotubes. The location and orientation of the nonpolar 
molecule is such that the σ-π attractive interactions are maximized and the π-π repulsive 
interactions are minimized. Polymer wrapping is an extension of this functionalization, involving 
molecules with large π systems. 
Electrostatically functionalized CNTs are first modified to create active sites and 
subsequently derivatized with molecules with high charge density. Electrostatic interactions, in 
contrast to covalent bonding as in covalent functionalization, binds polyelectrolytes, DNA, 
proteins, metallic NPs, etc. to CNT surfaces. 
Modified CNTs may be characterized in several ways; a select few are described here.  
Transmission Electron Microscopy (TEM) 
High resolution transmission electron microscopy allows direct observation of nanotube 
walls. With sufficient magnification and resolution, crystallinity and defects can be observed 
through wall straightness, variations in local curvature, tubular deformation, variation in wall 
spacing, etc. Hybridized materials, their size, and their distribution may also be visually 
observed. 
X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a procedure through which a focused beam of 
x-rays irradiates the surface of a sample and the kinetic energy of escaping electrons is measured. 
XPS permits quantitative determination of bond types for the surface of a material (up to 20 nm 
in depth) through peak fitting. Crystallinity can be measured through comparing the sp2 C=C 
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(284.3 eV) bonding and the sp3 C-C (285.2 eV) bonding. In oxidized samples, the C-O (286.5 
eV), C=O (287.3 eV), -COO (288.8 eV), O-C=O (288.5 eV), and O-COO (290.3 eV) bonds may 
be monitored in the C1s region and the O=C (531.7 eV), O-C (533.3 eV), and O-COO (534.4 
eV) bonds in the O1s region37. Note that Auger emission may also occur, in which an electron 
ejected from the 1s state (K shell) is filled by an electron from the L shell and another electron 
from the L shell is ejected38. 
Raman Spectroscopy 
In Raman spectroscopy, incident laser light is used to observe vibrational, rotational, and 
other low-frequency modes of a system. Excited electrons jump from the valance band to the 
conduction band after adsorbing photons and may scatter through emission or absorption of 
phonons. As an electron relaxes, it emits a photon, which is recorded by a detector, with 
background and elastic scattering filtered out. 
For MWCNTs, the Raman spectrum is predominantly characterized by two peaks. At 
1590 cm-1, the G mode describes tangential stretching C-C vibrations in the nanotube wall 
plane4. The D mode, at 1350 cm-1, describes the double resonance process attributed to 
amorphous disordered carbon, covalent modification, and defects4,39. Acid treatment as a process 
of functionalization exerts pressure on the tubeii, such that the D and G bands are upshifted39. 
While the D band is not specific to measuring defects, comparing the D and G band 
intensity (ID and IG, respectively) is an accepted measure for general purity of MWCNT 
samples4. Osswald et al., further, demonstrated that oxidation removes amorphous carbon from 
the CNT surface, such that the D band would be indicative of modification and defects for 
oxygen-functionalized MWCNTs40. Although Murphy et al.39 and DiLeo, Landi, and Raffaelle41 
                                                 
ii Note, however, it is difficult to separate the effects of electron transfer and those of strain in the acid-
functionalized MWCNTs. 
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argue that in lieu of ID/IG, a measure containing the defect-independent
42 second order overtone 
mode D* is more appropriate due to the convolution of the G and D’ modes, the latter of which 
is impacted by the defect induced, double resonance process, the ID/IG measure will be used due 
to convention. 
Additional characterization methods include atomic force microscopy, scanning 
transmission microscopy, electron energy loss spectroscopy, and thermogravimetric analysis. 
2.4  CARBON NANOTUBE RESPONSES TO MICROWAVE IRRADIATION 
The microwave band of radiation is defined as electromagnetic waves with frequencies 
between 300 MHz and 300 GHz; for industrial and domestic use, the main operational 
frequency43 is 2.450 (+/- 0.050) GHz. 
Microwaves are often exploited for their heating properties. Haque44 finds microwave 
heating is advantageous compared to conventional heating, as it offers non-contact heating, 
energy transfer in lieu of heat transfer, rapid heating, material selective heating, volumetric 
heating, quick start-up and stopping, heating from the interior of the material body, and a higher 
level of safety and automation. Paton and Windle45 add that microwave heating exhibits higher 
throughput, greater penetration depth of heat into material, and lower power costs.  
This heating behavior is a result of conduction and dielectric heatingiii, expressed by a 
dielectric constant (real permittivity) and a dielectric loss factor (imaginary permittivity), 
measuring absorbance of incident energy and dissipation, respectively46. Dielectric heating arises 
from the interaction of charged particles and high-frequency radiation. Permanent and induced 
                                                 
iii Note the contribution of magnetic heating becomes small at the microwave range as per Snoek’s law. See Qin, F., 
& Brosseau, C. (2012). A review and analysis of microwave absorption in polymer composites filled with 
carbonaceous particles. Journal of Applied Physics, 111(6), 061301. doi:10.1063/1.3688435 and Snoek, J. L. (1948). 
Dispersion and absorption in magnetic ferrites at frequencies above one Mc/s. Physica, 14(4), 207–217. 
doi:10.1016/0031-8914(48)90038-x 
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dipoles in polar materials rotate in the alternating field, generating friction and heat. 
Alternatively, in dielectric solid materials with mobile charged particles, a current is induced, 
which dissipates as heat due to the Maxwell-Wagner effect43. Carbon materials have a high 
capacity to absorb and convert microwave energy into heat due to their high dielectric loss 
tangent (0.25-1.14 for carbon nanotubes compared to 0.118 of distilled water). 
The interaction between carbon nanotubes and microwave irradiation is of growing 
recent interest. Figure 2 tracks annual publications and citations for articles pertaining to carbon 
nanomaterial and carbon nanotube microwave absorption. Publications have experienced modest 
growth; however, citations have increased fourfold for carbon nanotubes and fivefold for carbon 
nanomaterials in the past decade. 
 
Figure 2: Annual publications and citations for microwave irradiated carbon nanotubes 
(CNT) and carbon nanomaterials (CNM) in the Web of Science®iv 
                                                 
iv Search criteria of TI=(((*wall* AND carbon* AND nanotub*) OR *WCNT* OR (*WNT* AND carbon*)) AND 
(MW OR microwave)) for CNT and TI=(carbon* AND nano* AND (MW OR microwave)) for CNM 
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The intense microwave absorption of carbon nanotubes has been studied, though the 
mechanisms remain unclear47. The literature, overall, indicates that dielectric heating is efficient 
due to the high dielectric constant of the material (~200-300 for CNTs48,49)50. Note that “perfect” 
CNTs are ballistic conductors, meaning that resistance is quantized and independent of length 
and no energy is dissipated due to electron movement, such that microwave induced current is 
not converted to heat50; imperfections, such as doping and defects, permit the superheating 
behavior. Patton and Windle45, however, argue that dipole rotation is not a loss mechanism, as 
any dipoles due to functionalization are arranged in such a manner that inhibit dipole rotation, 
and conclude that conduction losses are the dominant factor in energy absorption. SWCNTs and 
MWCNTs have similar rapid heating responses to microwave irradiation51. 
The heating behavior of CNTs have been exploited in various applications, as 
temperatures up to 2000 °C can be achieved with selective irradiation52. Morgan et al.’s 
incorporation of CNTs in epoxy produced a marked increase and prolongation in heating 
response in a rapid and uniform manner53. Sweeney et al. observe in carbon nanotube-polymer 
composites that a finite range of loading is suitable: a minimum quantity of MWCNTs is 
required to achieve a rapid heating response and at higher MWCNT loadings, the heating 
response decreases and becomes less uniform as the MWCNTs become more reflective to 
incident microwaves54.  
Microwave irradiation of CNTs can also produce other useful behaviors and 
transformations of the material. When exposed to microwave fields, CNTs also attenuate 
incident propagating waves, emit light, emit gas, and undergo intense mechanical motion52,47. 
Microwave irradiation is also frequently used in purification and modification of carbon 
nanotubes. MacKenzie et al.55 report improved crystallinity of SWCNTs, as microwave energy 
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reorients sp3 bonds into sp2 hybridization. Preferential destruction of metallic nanotubes for 
semiconductor applications have also been proposed due to increased absorption efficiency of 
metallic CNTs56,57. Microwave-assisted functionalization, additionally, limits shortening and 
damage of CNTs by reducing reflux time and enhances loading50. 
2.5 ENVIRONMENT, HEALTH, & SAFETY IMPLICATIONS 
Carbon nanotubes have been likened to asbestos in terms of impact on the human 
respiratory system. Due to their size and shape characteristics (length, width, shape, and density), 
CNTs are readily inhaled. They may be cleared from the lungs through mechanisms as follows: 
mucociliary escalator (mucous traps foreign material, which is swallowed and expelled from the 
body), phagocytosis by alveolar macrophages, acidic dissolution, or translocation through 
alveolar wall and lung interstitium to lymphatic system58. Carbon nanotubes that persist in the 
lungs may stimulate alveolar macrophages and epithelial cells, which will attract leukocytes4. 
The activity of these leukocytes can damage the alveolar wall, induce cellular and DNA damage, 
and stimulate proliferation of lung fibroblasts. This can result in conditions including severe lung 
fibrosis, scarring, and lung cancer, that are similar to those caused by asbestos. 
Carbon nanotubes, further, can act beyond the respiratory system. Cells may incorporate 
CNTs through endocytosis or phagocytosis, which are both energy-dependent processes that are 
hindered at low temperatures and low ATP concentration59. While short CNTs can be readily 
incorporated into the cytosol, longer CNTs may float freely in the lymphatic system or blood 
stream, spreading inflammation. Through nanopenetration, functionalized nanotubes may diffuse 
across cellular membranes in an energy-independent process4,59. Such incorporations can cause 
toxicity through activation of multiple pathways, many damaging to DNA59. The CNTs can be 
carcinogenic, causing free radical generation, physical interference with mitosis, stimulation of 
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target cell proliferation, and/or persistent chronic inflammation58. Accumulation of CNTs can 
occur in the body, with biodistribution concentrated in the liver, spleen, lungs, and excretory 
system, largely due to CNTs trapped in capillaries59; bioaccumulation can be measured by near-
infrared fluorescence (for only unbundled SWCNTs), chemothermal oxidation, and TGA in 
environmental applications60. 
Studies on toxicity demonstrate widespread inconsistency, with toxicity concentration 
ranges spanning six orders of magnitude59. This can likely be attributed to variation in 
characteristics of the nanotubes and lack of response comparison between cell types in each 
study. Additionally, contamination due to the synthesis process can affect the responses; various 
functional groups can be biocompatible or toxic. Health and safety analysis is further 
complicated by synthesis product inconsistency through variation in local and/or overall charge, 
catalyst residue, and length. 
In their production and/or use, CNTs may be released into the environment, where they 
can interact with aquatic surfaces and biological species. Aggregation behavior provides insight 
into the fate and transport of CNTs. Aggregation allows the suspended CNTs to sediment and 
fall out of solution, limiting their impact on the environment; however, dispersion reduces 
potentially toxic concentrated nanomaterial deposition. Saleh et al.61 observe that MWCNTs can 
form stable suspensions in conditions emulating typical aquatic environments; however, 
increased salt concentrations, decreased pH, and decreased natural organic matter increase the 
rate of aggregation as per the Derjaguin-Landau-Verway-Overbeek (DLVO) and non-DLVO 
steric interactions. Sano et al.62 demonstrate that this holds for a variety of ionic salts, and offer 
that functionalization, in which ultrasonication in strong acids cut CNTs, allows for stable 
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dispersion of SWCNTs. Solubility enhancement can further be pursued with surfactants63,64 or 
adsorbed polymers65. 
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Section 3: CNT Functionalization and Characterization 
3.1 INTRODUCTION 
To improve MWCNT dispersion in the device, MWCNTs were functionalized prior to 
incorporation. Behavior of microwave irradiated fMWCNTs is not well studied; however, 
research by Vázquez and Prato50 suggest that the presence of defects and dopants enable the 
superheating behavior. Functionalization additionally allows for enhancements in structural, 
electrical, and thermal properties. 
3.2 EXPERIMENTAL 
3.2.1 Materials 
MWCNTs were obtained from Cheap Tubes, Inc. (Brattleboro, VA) with OD of 30-50 
nm, length of 10-20 μm, and purity of >95 wt-%. Concentrated, reagent grade H2SO4 and HNO3 
were obtained from Fisher Scientific (Houston, TX). Synergy Ultrapure water and 
polytetrafluoroethylene (PTFE) membrane filters were obtained from EMD Millipore 
(Darmstadt, Germany). 
3.2.2 Functionalization of MWCNTsv 
1 g of MWCNTs was dispersed in 150 mL H2SO4 and 150 mL HNO3 for 30 minutes 
with bath sonication. The solution was refluxed at 80 °C for 1.5 hours or 3 hours for the low and 
high functionalization treatments, respectively. Upon completion of reflux, the solution was 
cooled with ultrapure water, and then filtered with vacuum separation with 0.22 µm PTFE 
membrane filters. The filtrate was washed with deionized water and filtered a minimum of 5 
times to neutralize pH. After the final filtration, the filter and fMWCNTs were placed in a 
                                                 
v Procedure based upon work by Dipesh Das and Jaime Plazas-Tuttle  
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desiccator. Once dried, the fMWCNTs were powdered by hand with a mortar and pestle and 
stored in an air-tight container. 
3.2.3 Characterization 
 A multiplicity of tools was used in order to observe the extent of functionalization and 
verify the experimental product. Pristine MWCNTs, Low fMWCNTs, and High fMWCNTs were 
compared in each characterization method. 
Aggregation Behavior 
 An ALV/CGS-3 Precision Compact Goniometer System (ALV-Laser 
Vertriebsgesellschaft.m-b.H., Langen/Hessen, Germany) equipped with a 22 mW HeNe laser 
(equivalent to 800 mW at 532nm) was used to monitor aggregate average hydrodynamic radii 
through dynamic light scattering. Comparable concentrations of pristine MWCNTs, Low 
fMWCNTs, and High fMWCNTs were analyzed for 30 second intervals over 25 minutes. 
 A JEOL 2010F Transmission Electron Microscope at the Texas Materials Institute (JEOL 
USA Inc., Peabody, MA) was used to visually and qualitatively observe aggregation behavior of 
the samples, prepared from aqueous solutions of pristine MWCNTs, Low fMWCNTs, and High 
fMWCNTs. 
Composition 
X-ray photoelectron spectroscopy (XPS) was performed with a Kratos X-ray 
Photoelectron Spectrometer – Axis Ultra DLD (Kratos Analytical Ltd., Manchester, UK) at the 
Texas Materials Institute to determine elements and bond types. CasaXPS (Casa Software, 
Teignmouth, UK) was used for peak fitting. 
Raman spectroscopy was performed with a WITec Micro-Raman Spectrometer alpha300 
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R at the Texas Materials Institute (WITec Instruments Corp., Knoxville, TN) and analyzed with 
WITec Project 2.08. The extent of defects was measured through peak shift and peak intensity 
analysis. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Dynamic Light Scattering 
Suspensions of equal concentration for each of the three treatments were prepared with 
ultrapure water. Brief bath sonication mixed the suspensions. Analysis with dynamic light 
scattering indicate that pristine and functionalized MWCNTs display differing aggregation 
behavior, as seen in Figure 3. 
(a)
 
(b)
 
Figure 3: DLS of pristine and functionalized MWCNTs 
 
Pristine MWCNTs exhibit aggregation, as the hydrodynamic radius ranged from 100 nm 
to over 10,000 nm. Nanomaterial aggregates were discernible by the human eye in the 
suspension. Although the measurements were not stable over time, there does not appear to be a 
pattern of aggregation behavior. The low solubility of Pristine MWCNTs is expected, as they 
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contain few or no sites for further ionic or covalent interaction, so van der Waals and steric 
interactions dominate the behavior of Pristine MWCNTs. 
Both Low fMWCNTs and High fMWCNTs exhibited low aggregation, with average 
hydrodynamic radii of 88.7 nm and 107.5 nm, respectively. The radii are stable, exhibiting low 
variation over time with standard deviations of 7.77 nm for Low fMWCNTs and 10.71 nm for 
High fMWCNTs. Chemical functionalization alters the surface properties of the CNTs, such that 
they disperse readily in aqueous solutions. Longer reflux time corresponds to increased 
functionalization, which should result in lower radii. Although the radii are comparable, the data 
show the low functionalization treatment has lower hydrodynamic radii. This is likely due to 
incomplete neutralization of the acids used in functionalization, as the dissociated functional 
groups would interact more strongly with the polar water molecules. Subsequent characterization 
agrees with this assessment, showing that the Low fMWCNTs are less oxidized than the High 
fMWCNTs. 
3.3.2 High Resolution Transmission Electron Microscopy 
 HRTEM was similarly used to visually demonstrate in Figure 4 the aggregation behavior 
of the Pristine MWCNTs, Low fMWCNTs, and High fMWCNTs. The Pristine MWCNTs 
exhibit significant aggregation, with regions of tangled carbon nanotubes. In contrast, both the 
Low fMWCNTs and High fMWCNTs are more uniformly distributed on the TEM grid, with low 
aggregation. 
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(a)
 
(b) 
 
(c) 
 
 
Figure 4: HRTEM of pristine and functionalized MWCNTs 
The images correspond to (a) Pristine MWCNTs, (b) Low fMWCNTs, and (c) High fMWCNTs 
3.3.3 Raman Spectroscopy 
Raman spectroscopy in Figure 5 demonstrates the crystallinity of the carbon structures 
for each treatment. Each demonstrates the characteristic D mode (at ~1350 cm-1) and the G mode 
(at ~1590 cm-1). Notable peak characteristics are tabulated in Table 2; although many peaks are 
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identifiable, few are well studied, so this discussion will be limited to primarily the D and G 
modes. 
 
Figure 5: Raman spectroscopy of pristine and functionalized MWCNTs 
Peak heights are normalized for equivalent G mode height across treatments. 
Table 2: Raman spectroscopy peak locations for pristine and functionalized MWCNTs 
Peak 
Pristine 
MWCNT 
Low 
fMWCNT 
High 
fMWCNT 
D 1354.66 1358.23 1358.23 
G (E2g) 1571.2 1583.83 1583.83 
 2430.75 2440.42 2456.54 
D* / G' 2703.33 2720.82 2720.82 
D+G 2931.81 2946.58 2949.11 
2E2g 3232.42 3242.17 3232.41 
 
In a comparison between Pristine MWCNTs and the functionalized treatments, each 
functionalized peak is upshifted. The oxidation process exerts pressure on the nanotubes, driving 
this upshift39. Note that in the G peak, a convoluted D’ peak is more readily apparent with 
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increased functionalization; this peak is associated with the defect induced, double resonance 
process in Raman spectroscopy39,41. 
Extent of functionalization is quantitatively analyzed through the ID / IG ratios, tabulated 
in Table 3. Increased reflux time corresponds to increased ID / IG ratios, as amorphous disordered 
carbon, covalent modification, and defects increase the height of the D mode4,39. The D mode in 
the Pristine MWCNTs may arise due to nanotube cutting in sonication and impurities and/or 
defects in manufacture. The height of the D mode of Low fMWCNTs and High fMWCNTs are 
higher, signifying functionalization and defect creation. As the ID / IG ratio for the High 
fMWCNTs is higher, it can be concluded that the High fMWCNTs have more structural defects 
or modification than the Low fMWCNTs. 
Table 3: Raman ID / IG ratios for pristine and functionalized MWCNTs 
MWCNT Type ID / IG 
Pristine MWCNT 0.679 
Low fMWCNT 0.783 
High fMWCNT 0.991 
Intensities in calculation correspond to peak maxima. 
3.3.4 X-Ray Photoelectron Spectroscopy 
XPS permits bond type identification for the three MWCNT treatments. In the three sets 
of XPS results, displayed in Figure 6, three prominent peaks were identified: O KLL Auger 
emission, O 1s emission, and C 1s emission. As the Auger emission is a secondary emission 
process, arising from a coincidence of ejected and filling electrons, it will be disregarded in the 
subsequent analysis. 
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(a)   
(b)  
(c)  
Figure 6: Survey XPS of pristine and functionalized MWCNTs 
(a) corresponds to Pristine MWCNTs, (b) to Low fMWCNTs, and (c) to High fMWCNTs. 
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Through comparison of areas for the O 1s and C 1s peaks, the elemental composition of 
the MWCNT types are determined and displayed in Table 4. With increased functionalization, 
oxygen content increases, as anticipated. 
Table 4: Peak summary for survey XPS of pristine and functionalized MWCNTs 
MWCNT Type Peak Position (eV) FWHM (eV) Atomic % 
Pristine 
MWCNTs 
O 1s 533.10 3.70 0.89 
C 1s 285.10 2.33 99.11 
Low fMWCNTs 
O 1s 533.10 3.75 7.75 
C 1s 285.10 2.41 92.25 
High fMWCNTs 
O 1s 532.10 3.78 9.13 
C 1s 285.10 2.40 90.87 
 
Peak analysis allows determination of bond types in the material. Figure 7 displays C 1s 
and O 1s peak deconvolution for each MWCNT type. Note the O 1s peak for Pristine MWCNTs 
is not well formed, as oxygen concentration is less than 1% overall and has poor signal as a 
result. In each O 1s peak observation, both O-C and O=C bonds are present with approximately 
equal O-C and O=C concentrations (Table 5).  
Table 5: Peak summary for O 1s XPS of pristine and functionalized MWCNTs 
MWCNT Type Peak Position (eV) FWHM (eV) Atomic % 
Pristine 
MWCNTs 
O-C 533.17 2.06 43.83 
O=C 531.47 2.31 56.17 
Low fMWCNTs 
O-C 533.38 1.83 45.17 
O=C 531.77 1.97 54.83 
High fMWCNTs 
O-C 533.40 1.92 47.23 
O=C 531.71 1.91 52.77 
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 (a)   (b)  
(c)  (d)  
(e)  (f)  
Figure 7: Peak deconvolution of XPS of Pristine and functionalized MWCNTs 
(a) and (b) correspond to pristine MWCNTs, (c) and (d) to Low fMWCNTs, and (e) and (f) to 
High fMWCNTs. (a), (c), and (e) display deconvolution of the O 1s peaks and (b), (d), and (f) of 
C 1s peaks. 
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Deconvolution of the C 1s peaks (Table 6) enables a determination of the defects and 
functionalization of the nanotubes. Comparing the Low and High fMWCNTs against the Pristine 
MWCNTs, some of the stable C=C bonds have broken, with a majority resulting in C-C bonds. 
Nonnegligible quantities of C-O and C=O bonds also arise; note the ratio between O-C and O=C 
bonds from the deconvolution of the O 1s peak were retained for the deconvolution of the C 1s 
peak. Between Low and High fMWCNTs, High fMWCNTs have higher atomic percentages of 
C-C, C-O, and C=O bonds, though are close in value. Oxygen content via peak analysis of the C 
1s peak is lower than that in the overall XPS peaks, suggesting additional oxygen bonding in 
forms such as COO and O-COO that were not analyzed and/or other oxygen-containing 
contamination.  
Table 6: Peak summary for C 1s XPS of pristine and functionalized MWCNTs 
MWCNT Type Peak Position (eV) FWHM (eV) Atomic % 
Pristine 
MWCNTs 
C-C 284.98 1.71 33.69 
C=C 284.5 0.55 66.31 
Low fMWCNTs 
C-C 284.81 1.30 41.40 
C=C 284.45 0.55 52.72 
C-O 285.99 0.62 2.66 
C=O 286.59 0.84 3.23 
High fMWCNTs 
C-C 284.81 1.30 41.87 
C=C 284.46 0.56 51.06 
C-O 285.91 0.75 3.34 
C=O 286.56 1.05 3.73 
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Section 4: Device Development and Microwave Irradiation 
4.1 INTRODUCTION 
In this study, MWCNTs and fMWCNTs are to be immobilized in a disk to measure 
heating induced by the thermal conductivity of carbon nanotubes. In previous work66 by Rowles, 
silver nanoparticles were affixed in a glaze to ceramic disks in order to release ionic silver for 
antibacterial action. For this study, it was desired that CNTs be incorporated into the disk in lieu 
of coating the disk; consequently, Rowles’ ceramic disk method could not be adapted for use, as 
the ceramic disks were fired at 1100 °C, while MWCNTs decompose67,68 between 400 °C and 
500 °C. 
For a lower temperature-firing matrix, plaster of Paris was used. Cement was added to 
reduce the solubility of plaster of Paris, as the device was to be used in water. Sugar was used as 
a pore-forming material, as it decomposes at 185.5 °C. With these materials, the disks could be 
fired at 225 °C to decompose off the pore-forming material yet prevent the decomposition of the 
MWCNTs. A wetting and drying step was added to enable the cement to bind the components. 
4.2 EXPERIMENTAL 
4.2.1 Materials 
Pristine MWCNTs were obtained from Cheap Tubes Inc. (Brattleboro, VT) and two 
treatments of fMWCNTs were synthesized from the same with 1.5-hour and 3.0-hour reflux 
times. Plaster of Paris and Portland cement were from laboratory stock. Turbinado sugar was 
obtained from Sugar In the Raw® (Brooklyn, NY) and ground before use. Synergy Ultrapure 
water was obtained from EMD Millipore (Darmstadt, Germany). 
For cartridge preparation, two ½” low-carbon steel rods (McMaster-Carr) were used in 
conjunction with ½” ID PVC to form a die. The hydraulic press used was an L-16 16-ton press 
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manufactured by Research & Industrial Instruments Company (England, United Kingdom). For 
firing, a Thermo Scientific Lindberg Blue M tube furnace (Waltham, MA) was used. 
To determine microwave heating, a conventional 1.4 cu. ft. countertop microwave oven 
(Model JES1460DS2BB) with the internal lamp removed was used, manufactured by GE® 
(Rapid City, SD). Temperature measurement was completed with an OMEGA™ Digital 
Handheld Temperature Calibrator (Model CL3512A) with a K-type thermocouple manufactured 
by OMEGA Engineering, Inc. (Norwalk, CT). 
4.2.2 Device Preparation 
A four-step process was used to produce testable MWCNT-containing cartridges; see 
Figure 8 for a simplified visual of the process. First: 300 mg mixtures for each cartridge were 
made, with 1%, 2%, and 5% compositions of MWCNT of interest described in Table 7 for 
pristine MWCNTs, 1.5-hour reflux fMWCNTs, and 3.0-hour reflux fMWCNTs. Blanks were 
additionally produced, and all cartridges were made in triplicate. Second: each recipe was mixed 
by hand until uniform in appearance and dry-pressed into a ½” diameter coupon. (A wet method 
was attempted, however was discarded as disk separation from the mold proved challenging.) A 
hydraulic press applied 10 tons of pressure on ram on the materials in the die for 30 seconds. 
Third: approximately 20 µL of ultrapure water was deposited on each face of the compacted 
cartridges and the cartridges allowed to air-dry for 24 hours. Fourth: cartridges were 
subsequently heated to 225 °C in a tube furnace at a temperature ramp of 1 °C/min. The 
cartridges were held at 85 °C for one hour below the boiling point of water before continuing the 
temperature ramp and held at the max temperature for one hour prior to slow cooling at 1 
°C/min.  
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Figure 8: Simplified nano-enabled disk preparation graphic 
Table 7: Composition of nano-enabled disks 
 
Component 
Weight* (mg) 
1% 2% 5% Blank 
MWCNT 3 6 15 -- 
Cement 30 30 30 30 
Sugar 105 105 105 --** 
Plaster of Paris 162 159 150 165 
Total 300 300 300 300 
* MWCNTs ±0.10 mg; all other measurements ±0.50 mg 
** Sugar was omitted from the blanks as it produced poorly formed, untestable blanks 
4.2.3 Design of Experiment 
To determine pore volume, thickness and diameter of each disk was measured in three 
locations. Each disk was weighed, boiled in excess ultrapure water for 1 hour, allowed to saturate 
for 24 hours, and reweighed. The difference between the saturated and dry masses provided the 
mass of water contained in the disks, and consequently, the porosity. 
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Each disk was placed in a vial with ultrapure water to total to 1 mL water. Initial 
temperature was measured and recorded, before microwaving the capped vial for a specified time 
interval. The microwave was operated at 10% power for time intervals up to 3.5 minutes, with 30 
second increments between selected measurements. Final temperature was recorded, and the vial 
placed in an ice bath to cool to approximately room temperature before the experiment was 
repeated for the disk at all microwave time intervals of interest. Disks that dissolved were 
replaced by comparable disks. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Observations 
30 disks were prepared for the experiment, in order to collect data in triplicate, shown in 
Figure 9. Disks poorly formed or broken upon removal from tube firing were replaced, as well as 
disks that dissolved in the saturation step. Such failures may have arisen due to uneven 
distribution of components; for example, concentration of sugar may have caused bubbling in the 
tube firing. Note that tested disks were not entirely uniform in shape, some bubbling, cracks, and 
chips were present. 
 
Figure 9: Nano-enabled disks in triplicate 
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4.3.2 Porosity 
Porosity of each disk containing MWCNTs varied from 27% to 65%; averages of each 
disk type are presented in Table 8, with an overall average of 41% porosity. Each disk was 
composed of 35% ground sugar, so the calculated averages are as expected. The average porosity 
of the blanks (containing no pore-forming agent) was 8%, allowing that a limited fraction of the 
porosity is due to factors beyond the addition of ground sugar as a pore-forming agent. The size 
of the ground sugar granules was not measured, and observations of each disk type are few, so 
observations of seeming trends of porosity should not be concluded from this data. 
Table 8: Porosity of nano-enabled disks 
MWCNT Type 
MWCNT Amount 
1% 2% 5% Average 
Pristine MWCNT 40% 38% 53% 44% 
Low fMWCNT 33% 45% 45% 41% 
High fMWCNT 32% 37% 43% 37% 
Average 35% 40% 47% 41% 
Each data porosity value is an average of computed porosity for 3 similar disks 
Note 1% High fMWCNT is calculated from data of only 2 disks. 
4.3.3 Microwave Heating 
Microwave heating was compared at each loading of MWCNTs for blanks, Pristine 
MWCNTs, Low fMWCNTs, and High fMWCNTs in Figure 10. 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 10: Microwave-induced temperature change on nano-enabled disks 
(a), (c), and (e) demonstrate the average of 3 initial and final recorded water temperatures for 
each disk type. (b), (d), and (f) demonstrate the average of 3 recordings of the change in water 
temperature for each disk type. 
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At low MWCNT loadings, temperature difference upon microwave irradiation is largely 
consistent across each of the test conditions. At 1% and 2% loadings, Pristine MWCNTs often 
exhibit higher temperature change than the other treatments; however, the overlapping 
confidence intervals suggest that this difference may result from random variation. Such 
similarity is expected, and consistent with Sweeney et al.’s findings of a minimum required 
loading54. 
At 5% loading, a clear difference in heating behavior can be seen. Compared to the 
blanks, the Pristine MWCNTs, Low fMWCNTs, and High fMWCNTs display increased heating. 
The Low fMWCNTs and High fMWCNTs display comparable results, while Pristine MWCNTs 
demonstrate further heating with statistical significance. After one minute of microwave 
irradiation, the MWCNT treatments exhibit additional temperature increases of approximately 25 
°C and 10 °C for Pristine MWCNTs and both Low and High fMWCNTs, respectively, compared 
against the blanks. 
The heating behavior with MWCNTs is initially rapid, however, begins to plateau at 
higher microwave times. This behavior suggests a saturation of MWCNT heating ability. 
Experimentation with greater loading of the MWCNT treatments can verify this hypothesis. 
Nonetheless, the MWCNTs appear to plateau at higher temperatures than the blanks, such that 
the microwave irradiation treatment produces both rapid and enhanced heating abilities. 
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Section 5: Conclusions and Recommendations 
In this thesis, the design and synthesis of a nano-enabled device that can harness the 
power of microwave irradiation towards water treatment applications was studied. The results 
show promise; however, further study is necessary before implementation of the technology. 
OBJECTIVE 1. Perform a literature review to understand the properties of carbon 
nanotubes and derivative materials. 
A review was performed to provide foundational knowledge of carbon nanotubes, 
modification, effects of microwave irradiation, and environmental, health, and safety concerns. 
During this review, it was found that microwave irradiation of carbon nanotubes is a field of 
growing study. Current implementations attest that CNT incorporation allows for rapid, uniform 
heating of materials, making them a promising material for enhanced heating behavior towards 
bacterial inactivation. However, the corpus of knowledge remains small for such an application 
of CNTs, presenting many opportunities for optimization. 
OBJECTIVE 2. Develop a PP matrix to immobilize carbon nanotubes. 
To contain the MWCNTs, a plaster of Paris matrix was developed. A base of plaster of 
Paris and Portland cement provided structural integrity in an aqueous environment, and sugar 
permitted formation of pores for increased permeability and CNT contact area. Ratios were 
determined such that the device would be well-formed and retain its shape. No visible leeching 
into water was observed from the devices; however, microscopy, nuclear magnetic resonance 
(NMR), and/or Raman spectroscopy could assist in determination of CNTs or metal ions in 
solution. 
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OBJECTIVE 3. Vary degree of heating caused by devices. 
Microwave irradiation experiments with multi-wall carbon nanotube treatments in plaster 
of Paris matrices demonstrate improved heating behavior with the incorporation of MWCNTs. 
Both bare and functionalized MWCNTs can improve interfacial heating; however, a minimum 
level of MWCNTs is required to observe an effect. Statistically significant differences in heating 
were observed at a loading of 5% MWCNTs for all treatments. A trade-off exists between 
increased heating and increased dispersion (or extent of oxidation) of MWCNTs. Such results 
suggest that increased defects and oxygen concentration can have an inverse effect on the heating 
behavior of MWCNTs. Nonetheless, at higher microwave irradiation times, the MWCNTs 
appear to have been saturated and their heating behavior leveled off, with values for the Pristine 
MWCNTs, Low fMWCNTs, and High fMWCNTs seeming to converge. 
FUTURE WORK 
Though this thesis provides an initial approach into product development, further study is 
necessary before testing and commercialization is possible. The increased heating achieved by 
the combination of carbon nanotubes and microwave irradiation has not been assessed for 
effectiveness in bacterial inactivation. Optimization of the PP matrix, additionally, has not been 
completed. Furthermore, analysis of the device behavior upon scaling to larger quantities of 
water remains. 
Future work can focus on the following key areas: 
• Incorporation of hybrid CNTs, such as Ag NP hybrids, to harness additional bactericidal 
mechanisms 
• Investigation of dispersion of CNTs in device 
• Development of a wet-press device preparation method to increase dispersion of fCNTs 
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• Identification of optimal CNT loading and microwave time to maximize heating 
• Determination of CNT immobilization of device 
• Optimization of device composition with regards to cost and structural integrity 
• Assessment of device bacterial inactivation against common pathogens, including E. coli 
• Scaling device design and use for realistic water consumption needs 
• Development of a flow-through device allowing continuous water treatment 
• Incorporation of such a flow-through device into a comprehensive domestic water 
treatment system capable of removing sediment, metal ions, and other contaminants 
• Assessment of device safety and longevity 
• Cost analysis of potential devices to assess affordability 
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Appendices 
APPENDIX A: MICROWAVE HEATING EXPERIMENT 
(a)   (b)  (c)  
(d)  (e)  (f)  
(g)  (h)  
Figure 11: Microwave heating experiment setup 
Physical characteristics of the MWCNT devices in (a) were collected, including weight (b) and 
size parameters. Each device was boiled (c) in excess Millipore water and allowed to saturate 24 
hours (d). The device with Millipore water to total 1 mL was transferred into a vial (e) for the 
eating experiments. Initial temperature was recorded (f), and the loosely-capped vial microwaved 
(g) for a specified length of time. Immediately after microwaving, the cap was removed, and the 
temperature taken (h). The vial was recapped and placed in an ice bath until cooled to room 
temperature for repeat experiments. 
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